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The Sonogashira reaction is a cross-coupling reaction of a vinyl or aryl halide with a terminal alkyne to forma C-C
bond. In its original form, the Sonogashira reaction is performed with a palladium species as a catalyst while co-
catalyzed by a copper species and a phosphine or amine. The reaction is conducted under mild conditions, i.e.,
room temperature, aqueous solutions, and the presence of mild bases. Undeniably, the Sonogashira reaction is
among the most competent and efficient reactions widely used in organic synthesis. This named reaction has
proved useful in many organic synthesis areas, including the synthesis of pharmaceuticals, heterocycles,
natural products, organic compounds, complex molecules having biological activities, nanomaterials, and
many more materials that we use in our daily lives. The presence of transition metals as a catalyst was indeed

essential in the Sonogashira reaction. However, recently, the reaction has been successfully conducted
Received 16th December 2020

Accepted 3rd February 2021 without copper as a co-catalyst and phosphines or amines as bases. In this critical review, we have focused on

developments in the Sonogashira reaction successfully performed in the absence of copper complexes,
DOI: 10.1035/d0ra10575a phosphines or amines, which could be of particular advantage in implementing green chemistry principles and

rsc.li/rsc-advances making the reactions more achievable from an economic viewpoint.

1 Introduction
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The Sonogashira reaction is unquestionably among the most
competent and efficient reactions widely used in organic
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Scheme 1 The Sonogashira reaction structure.

synthesis. This named reaction has proved useful in many areas
of organic synthesis, including the synthesis of pharmaceuti-
cals, heterocycles, natural products, organic compounds,
complex molecules having biological activities, nanomaterials,
and many more materials that we use in our daily lives." The
Sonogashira reaction is among the most prominent methods
for sp>-carbon-sp-carbon bond formation extensively used in
organic synthesis. The original reaction includes the coupling
of a terminal alkyne with an alkyl halide in the presence of
a palladium species as a catalyst, a copper complex as a co-
catalyst, and a phosphine or amine as a base. A considerable
efficiency is afforded under ordinary conditions through this
unique combination of reagents (Scheme 1).>* The significance
of the present work lies in the issues that arise in the presence
of Cu in the Sonogashira reaction,* some of which are envi-
ronmentally friendly,>® or solid-supported Pd catalysts.”

For the first time, this cross-coupling reaction was outlined
by Kenkichi Sonogashira et al. in 1975, then rapidly developed
using various catalysts, additives, and ligands under different
conditions.® Since then, the Sonogashira reaction has been
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regularly employed in the total syntheses of all manners of
natural products® and compounds of biological activities,'>*
e.g., isocoumarins, a-pyrons and indoles,"”*** arylbenzofurans,*
dendrimers,'® conjugated polymers, and nanostructures."”
Because of its high efficiency as well as milder operational
conditions, this reaction is now drawing the attention of
synthetic chemists even more than before.™

The Sonogashira reaction is often performed in the presence
of a Pd compound besides Cul as the co-catalyst in different
solvents.'® 2! This cross-coupling reaction can also be conducted
in aqueous solutions® to provide the feasibility of biological
screening of products in a direct manner. Although striking
developments have been achieved and extensive attempts have
been made, the mechanism for the palladium-copper catalyzed
Sonogashira reaction has not been thoroughly inferred. None-
theless, a plausible mechanism for the reaction has been
proposed. As depicted in Scheme 2, the reaction probably
proceeds through Pd-Cu catalytic cycles.

Therefore, the active complex, i.e., Pd(0)L, which is obtained
in situ via reduction of the Pd(u) species, first catalyzes the rapid
step, i.e., oxidative addition of the vinyl or aryl halide (R-X).
Upon another connection with the copper co-catalytic cycle, the
RPd(-C=CR')L, species is attained through a transmetalation
reaction that one may consider it as the rate-determining step in
the proposed mechanism. Next, as predicted for a catalyzed
reaction, the desired coupled alkyne is derived through
a reductive elimination reaction to reproduce the catalyst, as
predicted for a catalyzed reaction. The rate of the oxidative
addition of the vinyl or aryl halide widely depends upon the
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Scheme 2 The mechanism suggested for the Sonogashira cross-coupling reaction.

electronic properties of the R-X bond so that electron-
withdrawing groups tend to activate the R-X bond by
increasing its electron density in the order of X =1= OTf = Br >
CL

Quite a few Pd(u) compounds have been prepared and
successfully tested to affect the Sonogashira cross-coupling
reaction.”®?® However, one can consider Palladium's use
without Cu and/or phosphine -or amines- co-catalysts as bases
as advanced development in the organic synthesis. The Sono-
gashira reactions are preferred to be conducted without copper
and/or phosphines as the Glaser by-products formed before the
homo-coupling reaction of alkynes are undesirable,*** and
copper is essentially toxic. The design and synthesis of hetero-
geneous palladium-containing catalysts in order to develop
Sonogashira cross-coupling reactions free of Cu and/or phos-
phine has therefore drawn huge attention in the last decade.

Sonogashira-Hagihara cross-coupling of a terminal alkyne
with an aryl halide in the presence of Cu and catalyzed by Cd
provides an easy method for the synthesis of a variety of
unsymmetrical alkynes as well as enynes with biological activ-
ities. The standard reaction proceeds through catalysis by a Pd
complex, which is usually Pd(PPhj),, in the presence of Cul and
also some tertiary amine in various solvents.”” A copper acety-
lide is formed upon the reaction of Cul with the alkyne. The
resulting copper acetylide is then arylated in the presence of
TMEDA or pyridine to form tolans (and benzofurans, indoles,
and phthalides resulting due to subsequent heterocyclizations).
The reaction is indeed a Stevens-Castro coupling reaction
which dates back to 1963.?

In 1975, three different research groups working separately
managed to arylate terminal acetylenes catalyzed by Pd
complexes.”*** Heck® and Cassar® carried out the arylation
reaction without Cu that is, under the Heck conditions. On the
other hand, Sonogashira and co-workers*®* described a Stevens—
Castro cross-coupling reaction catalyzed by Pd. The latter has
become the chief method to achieve the arylation or vinylation
of a terminal alkyne (the Sonogashira cross-coupling reaction).
Subsequently, couplings solely catalyzed by Pd complexes with
Cu absent were reported, and reaction conditions were adjusted
for relatively mild reactions exclusively catalyzed by Cu
complexes.

© 2021 The Author(s). Published by the Royal Society of Chemistry

The introduction of a reaction catalyzed by palladium that
results in the coupling between terminal acetylenes and
aromatic/heterocyclic rings by Sonogashira and et al. dates back
to 1975.°%%* It focused on furnishing an alternative for the
similar process exclusively mediated by Cu, ie., the Castro-
Stevens reaction. Presently, the Sonogashira reaction does not
need to use both palladium and copper as catalysts; instead,
only palladium has proved quite sufficient is properly com-
plexed by the state of art ligands much more efficient than the
phosphine originally employed, i.e., Ph;P. Among the collection
of coupling reactions catalyzed by palladium with a high
synthetic value, the Sonogashira reaction remains unique
because of the presence of an sp carbon being widely employed
in the manufacture of pharmaceuticals,*** the total synthesis
of natural products,®?® and construction of organic
compounds.*”*® However, the conditions continue to enhance,
looking to improve the tolerance of the functional groups as
well as yields, avoiding occasional rough reaction conditions
and problematic workups, and circumvention of more costly
and sensitive coupling partners (such as iodides).** Meanwhile,
it should be noted that the palladium species and the corre-
sponding ligands, usually used in the range of 1-5 mol%, are
getting more and more expensive, and to this one must add the
fact that at the back end, it is necessary to remove the residual
metal embedded in the final product, mainly when an API is the
target of the synthesis.*” Furthermore, from an environmental
viewpoint, Sonogashira coupling reactions are mostly carried
out in organic solvents, without the solvent or even the expen-
sive palladium catalyst being recycled.** These traditional
reaction parameters can affect the expected levels of both
aqueous and organic waste, and our grasp of the hazardous
status of platinoids.”

In parallel with our interest in the classical Sonogashira
reaction in the presence of palladium(u) chloride on modified
poly(styrene-co-maleic anhydride), which is an extremely active,
recyclable catalyst for the Suzuki-Miyaura® and Sonogashira
reactions,>***” because of the mentioned interests and equip-
ped with the experiences mentioned above, herein, we attempt
to highlight the recent developments and advances in the
palladium-catalyzed Sonogashira reaction in the absence of
copper as a co-catalyst or/and phosphines or amines (Fig. 1).
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Fig.1 The pathway of copper-free Sonogashira reaction to provide different compounds.
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2 Application of the Pd-catalyzed
Sonogashira reactions in the absence
of Cu and/or phosphines and/or
amines

As mentioned in the introduction section, nowadays, the
Sonogashira cross-coupling reaction has become one of the

K,PdCl,, S-Phos
EtOH/H,0, n-BuyN*OH"
Sodium D-isoascorbate

37°C,4h, Ar

View Article Online
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most synthetic strategies in the formation of a C-C bond using
terminal alkynes and aryl halides or triflates, leading to the
synthesis of more complicated alkynes under mild and green
reaction conditions. Compounds bearing carbon-carbon triple
bonds are frequently present in naturally occurring
compounds, pharmaceuticals, and biologically important
complex molecules. Conventional Pd-catalyzed Sonogashira
reaction proceeds smoothly in the presence of copper as co-

1
GO
O

(0]

74% \\ o

OH

Scheme 3 Copper-free Sonogashira coupling reactions in the presence of the K,PdCly.

P4
P2
[Pd(PPh3)4]
Et;N, DMF
\\ 100 °C, 20h
P3
Py

Scheme 4 Copper-free Sonogashira coupling reactions in the presence of the Pd(PPhs)g.
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catalyst and phosphines usually, in aqueous media, and in the
presence of a mild base.**°

However, not only the Sonogashira reaction but in a way and
in general, all Pd-catalyzed reactions are undesired in the
synthesis of organic compounds due to the high cost of this

View Article Online

Review

particular metal. Thus, the replacement of palladium with less
expensive metal has always been a big challenge for synthetic
organic chemists attracting much attention that enormous
attempts have been made. Several developments have been
achieved, such as easy separation of catalysts by decorating it in

Pd(Cl),(PPh3)s
THF, Triethylamine
70 °C

b

Scheme 5 Copper-free Sonogashira coupling reactions in the presence of the PdCl,(PPhs3)s.
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a way for being used as a heterogeneous or magnetic catalyst,
which is easily separable and can be reused several times
without appreciable loss in its activity, which is also important
from economic and environmental points of view. Thus, simple
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separability, excellent reusability, a minimum possibility for
leaching, and minimum loading of Pd species have remained
a scientific cumbersome synthetic organic chemists, especially
those who are engaged in the R&D section of chemical

NHC-Pd-PPh (f)
tKOBu,100 °C, DMF
30 min-12 h

R

51-98%

R = p-OCHy, p-COCHg, p-CHs, p-NO,, p-NC, 0,0-(CHs),, 0,0,m-(CH3)3
0,p,m-(C3H7)3, 0,p,m-(OCH3s)3, p-COCH3, p-OCH3

(a)

N X
SEENNSS
R1 N 1 ®\/ R2

i) InCl3 (5 mol%). i) (NBS, 1.1 mmol), 2.2'-azobisisobutyronitrile (AIBN, 0.025 mmol) and cyclohexane (7 ml). iii) Benzimidazole
or 5,6-dimethylbenzimidazole (1 mmol), KOH (1 mmol), ethanol (30 mL), reflux, 24 h. iv) R4X (1.2 mmol), DMF (5 mL), 80 (IC,
24 h. v) PdCl; (1 mmol), pyridine, 80 °(1C, 24 h vi) 2.2 (eq.) PPhz, DCM (20 mL)

R4=H R=H R4= 5,6-dimethyl
Ro= -
R2= 2 RZ_
a b ¢
R4= 5,6-dimethyl i
R4= 5,6-dimethyl R1= 5,6-dimethyl
R2= _
d e f

(b)

Scheme 6
preparation of benzyladamanthyl substituted NHC—-Pd-PPhs.

© 2021 The Author(s). Published by the Royal Society of Chemistry

(a) Copper-free Sonogashira coupling reactions in the presence of the benzyladamanthyl substituted NHC—-Pd-PPhs. (b) The
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industries. Nowadays, some of these problems have been cir-
cumvented by the development of and use of heterogeneous Pd-
catalytic systems immobilized onto colloidal palladium species,
and appropriate support (including organic, polymers, or
inorganic supports), and utilization of Pd-nanoparticles.*"**
Much attempt has been made to replace palladium with any
other metals such as copper. Unfortunately, such systems suffer
from enormous disadvantages such as the formation of homo-
coupling products, a requirement of using organic solvents,
needing high temperature, a requirement of phosphine ligand,
and oxidative agent or air.****

A classic Pd-catalyzed Sonogashira reaction, in addition to
the drawbacks mentioned above, has other disadvantages, such
as needing Cu as co-catalyst, phosphines and amines as a base,
which makes the reaction more disadvantageous despite being
conducted udder mild and green conditions. Therefore,
recently much attention has been devoted to eliminating one or
all co-catalysts and other additives in the Sonogashira coupling

reaction® in which several developments have been
accomplished.
2.1. In the absence of the copper (copper-free)

In 2018, Wang et al. developed a method for the fluorescent
labeling of 5-bromo-2’-deoxyuridine (BrdU), an essential

View Article Online

Review

member of chemotherapeutic C5-modified uridines scaffold,
using a Cu-free Sonogashira reaction in aqueous medium
(Scheme 3).°° In this approach, several fluorescent dye-
containing alkynyl groups were coupled with BrdU, enabling
its detection in cellular contexts. The reaction was performed in
the presence of water-compatible reagents like K,PdCl, as the
catalyst, n-Buy,N'OH as the base, and S-Phos as the ligand, to
meet the mild biological reaction requirements. The reaction
could successfully proceed in the absence of a Cu source, as the
combination of the base and ligand made ionic intermediates
stabilized in the catalytic reaction cycle.

The same methodology was employed by Trunk et al. in the
synthesis of conjugated microporous poly(arylene ethynylene)
matrix (CMPs) through a copper-free Sonogashira reaction
(Scheme 4).°” In this strategy, equimolar amounts of various
iodoarylenes and 1,3,5-triethynylbenzene were reacted in the
presence of a reduced loading of [Pd(PPhs;),] catalyst to yield the
product in a controlled structure. Higher Brunauer-Emmett-
Teller (BET) surface areas than other previously synthesized
CMPs without any by-product was another merit of this
approach.

In another attempt, derivatives of 4-CHO-2-arylbenzofurans
were synthesized through a microwave promoted copper-free
Sonogashira reaction in the presence of PdCl,(PPh;); as the

"

R1

PPhs
Pd————R
|
N\( Ar
"™
R,
+ -
KO'BuH.Br
KO'Bu

ArPdBr(NHC)PPh;  +

R
A,
Ar
Ar—Br
Pd/PPha \&
N
w

Ra
PPh;
Pd‘Ar
|
N Br
R1 Nw
R>
R—=—H
PPhs
I Ar
Pq\(/_
Br R
™
R2
Ar PdBr(NHC)PPh;

Scheme 7 The proposed mechanism for the Cu-free Sonogashira cross-coupling reaction.
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Scheme 8 Copper-free Sonogashira coupling reactions in the presence of the silica based diphenylphosphine palladium (SiliaCat DPP-Pd).

catalyst.®® This approach was used for the synthesis of the
resveratrol dimer viniferifurans. From biologically active mole-
cules to the microporous polymers. Durmus et al. expanded the
scope of this methodology to the synthesis of dyes, where octa-
distyryl-BODIPY substituted zinc(u) phthalocyanines, a member
of fluorescent BODIPY (boron-dipyrromethene) dyes scaffold,
were prepared through a similar copper-free reaction.” As
shown in Scheme 5, the terminal ethynyl functionalized BOD-
IPY derivatives were reacted with iodo zinc(u) phthalocyanines
in the presence of Pd(Cl),(PPh;); as the catalyst to afford the
desired product.

Upon discovery by Arduengo in 1991,”° metal complexes of N-
heterocyclic carbenes (NHCs) bearing various substituents have
been known and used as efficient catalysts in organic reactions.
The versatility of NHCs complexes in catalysis is attributed to
the powerful o-donor and weak w-acceptor potential of the NHC
ligand. Owing to these capabilities, a series of stable NHC-Pd-
PPh; complexes were reported in 2018 to efficiently catalyze
a copper-free Sonogashira reaction of aryl bromides and phe-
nylacetylene in DMF under aerobic conditions (Scheme 6A).”
The catalyst was obtained from the subsequent palladation, and
phosphinate of benzyladamanthyl substituted NHC, prepared
from bromoadamantane over a multistep procedure (Scheme
6B). In this reaction, the carbopalladation step occurred in the
absence of amine, and Cul made no positive contribution. It
seems that electronic and steric properties are responsible for

such catalysts to efficiently perform an aerobic copper/amine-
free Sonogashira coupling reaction.

Worthy to mention that the mechanism of the Cu-free
Sonogashira cross-coupling is not exactly well-known. Similar
to other cross-couplings, the initial step is oxidative addition
reaction of aryl halides palladium(0) complex. The second step
is disputable. In this case, a carbopalladation step occurs in the
absence of any amine, and can be considered as the main step.
The carbopalladation is a syn addition that provides a cis-
product (R;-C(PdXL,) = CH-Ar) through aryl group which is
transferred to less sterically hindered position on alkyne. Other
steps are the same as the well-known and recognized mecha-
nism of Sonogashira cross-coupling reaction. The proposed
mechanism based on above clarifications is exhibited in
Scheme 7.7

Recently by improving the flow chemistry technique in
organic synthesis,* Routier et al. reported a copper-free Sono-
gashira reaction of Boc protected alkynyl(aza)indoles with 4-
tolylacetylene in the presence of Silica based diphenylphos-
phine palladium (SiliaCat DPP-Pd) as the catalyst (Scheme 8).**
Using this strategy, the process was clean, high yielding, and
completed within 3 minutes, capable of running on a pilot
scale, as well.

Anilkumar and co-workers in 2016 developed the first
method for the formation of diaryl alkynes using the Fe-
mediated Sonogashira type coupling reaction of terminal

FeCI3_6H20
— __ _ 1,8-phenanthroline —
R A S
@’X \_*R, K;PO,, TBAB, H,0 Y/ R
Rq 130 °C, 48 h R 2

X=Br, Cl, |

32-87%

= ’ 3 \
Ry= 4-COCHj, 4-NO,, 4-OCHj, 4-CH3, H, 4-NH,, 3-CF3, (j)\
~

X
Ro=H, 4-OCHj, ||
~

N

N

Scheme 9 Copper-free Sonogashira coupling reactions in the presence of the FeCls-6H,0.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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20-79 %

O =0

X=Br, Cl

R= 4-COCH3, 4-OCHj, 4-NHy, 4-CH3, 4-NO,,3,5-CH3, 2-NHy |

7
N

Scheme 10 Copper-free Sonogashira coupling reactions in the presence of the Et,Zn.

alkynes and aryl iodides under aerobic conditions in H,O as the
solvent. Noticeably, this catalyst containing iron(m) chloride
hexahydrate and 1,10-phenanthroline is a significant catalyst in
these cross-coupling reactions. This approach is appropriate to
various functionalized aryl iodides having different heteroaryl
and sterically hindered substituents and terminal aryl alkynes
bearing heteroaryl alkynes (Scheme 9).”

In 2016 Abi and co-workers reported the first zinc-mediated
approach for the C(sp?)-C(sp) cross-coupling between terminal
alkynes and aryl iodides. Various functional groups were
applied in this reaction to provide different diaryl acetylenes.
Under the optimal condition, the generality of this reaction was
explored using various aryl halides and alkynes. The electron-
rich aryl iodides afforded the corresponding products in satis-
factory yield. Pleasantly, this method served well in the reaction
of unsubstituted aryl iodide and phenylacetylene, giving the
relevant product in moderate yield (Scheme 10).7

2.2. Inthe absence of the copper and amine (copper-free and
amine-free)

Using xantphos ligand, Satyanarayana et al. designed a copper/
amine-free Sonogashira reaction for the synthesis of 2-alkyny-
laryl carbonyls, a useful synthon in the synthesis of heterocyclic
compounds (Scheme 11).7

Another example of this case is the copper-free Sonogashira
cross-coupling reaction of p-tert-butyl phenyl chloride with
phenylacetylene in the presence of meta-terarylphosphine
palladium catalyst (Pd-Cy*phine catalyst) (Scheme 12).7°

A class of air- and moisture-stable dinuclear Pd complexes
having 2-benzimidazolyl ligands was developed and used as
a catalyst in the Sonogashira-type coupling reactions. The
conformation and rigidity of the ligand moiety were easily
changed through tethering of the 2-benzimidazolyl scaffold to
diamine ligands, leading to important changes in the catalytic
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Scheme 11 Copper-free Sonogashira coupling reactions in the presence of the Pd(OAc),.
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Scheme 12 Copper-free Sonogashira coupling reactions in the presence of the meta-terarylphosphine palladium catalyst (Pd-Cy*phine

catalyst).
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efficiency. Based on the optimized reaction, Sonogashira-type
couplings between aryl bromide derivatives were accom-
plished efficiently using just 0.1 mol% of catalyst in aqueous or
alcohol solvents with high yield. Both electron-poor and rich
para-substituted aryl bromides afforded the relevant internal
alkynes in very high yields. Also, meta-substituted derivatives
and heterocyclic substrates were afforded the corresponding
products in high yields (Scheme 13).””

A Pd catalyst immobilized on a monolithic and amphipathic
polystyrene-divinylbenzene polymer having acidic cation
exchange functions (such as sulfonic acid scaffolds) (Pd/CM)
was synthesized in 2017 by Sajiki and co-workers. This synthe-
sized catalyst was applied efficiently in the Cu- and amine-free
Sonogashira-type coupling reaction (Scheme 14).7®

2.3. In the absence of the copper and phosphine (copper-
free and phosphine-free)

In 2017, Yu et al” developed an effective catalytic system
employing Pd(OAc), and 1,3-bis(5-ferrocenylisoxazoline-3-yl)
benzene as a non-phosphorous ligand-for the copper/
phosphine-free Sonogashira reaction. The catalytic system
benefited from high thermal stability and could efficiently react
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several aryl halides with substituted terminal alkynes of various
electronic properties (Scheme 15).

Among structurally diverse two/three dimensional supra-
molecular assemblies, some coordination driven Pd-assemblies
of PdeLg type have recently found applications in catalysis C-C
bond formation.* In this structure, Pd(u) ions are used in
combination with tripodal ligands possessing proper terminal
groups and flexible arms (Scheme 16).%

In this category, Pde¢Lg nano-ball has shown a tremendous
catalytic activity over copper/phosphine-free Sonogashira
coupling reaction of aryl halides with terminal alkynes in water
under aerobic conditions (Scheme 17).%°

In another attempt, Sharma et al. reported a sustainable
method for the synthesis of ynones, from the phosphine/
copper-free Sonogashira reaction of acyl halides with terminal
alkynes in the presence of stable palladium-salicylaldehyde—(3-
aminopropyl)triethoxysilane-surface of magnetic silica nano-
particles (Pd-Sc@ASMNPs nanocatalyst). The catalyst could
perform the reaction under aerobic conditions within a short
time and afford relatively high conversion rates for a wide range
of electron-rich/poor substrates (Scheme 18).**
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Scheme 13 Copper-free Sonogashira coupling reactions in the presence of the benzimidazolyl palladium complexes.
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Scheme 14 Copper-free Sonogashira coupling reactions in the presence of the polystyrene-based monolithic polymer bearing sulfonic acid

moieties as cationic exchange (Pd/CM).
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